The adventitial vasa vasorum (VV) provides oxygen and nourishment to the aortic wall. Hypoxia in the aortic wall can cause enlarged abdominal aortic aneurysms (AAAs). This article introduces and describes a standard protocol used to induce AAAs through adventitial VV hypoperfusion created with a combination of polyurethane catheter insertion into the aortic lumen and suture ligation of the infrarenal abdominal aorta.
Introduction
The abdominal aorta is composed of the following three layers: the inner vascular wall (intima), medial layer (media), and outer vascular wall (adventitia), and of these, the adventitia has a unique blood supply system known as the vasa vasorum (VV). Aortic tissue is supplied with oxygen through adventitial VV perfusion and simple oxygen diffusion from the aortic blood flow 1 . However, geographically, the abdominal aorta has the least distribution of VVs compared to that in other parts of the aorta. 2 A previous study reported on tissue hypoxia in human abdominal aortic aneurysm (AAA) walls with thick intraluminal thrombus (ILT) 3 . Additionally, it has been shown that an adventitial VV in aneurysmal walls is occluded with arteriosclerotic changes at a significantly higher rate, which is associated with tissue hypoxia in the AAA walls 4 . Based on these findings, a novel rodent model of AAA was created by inducing adventitial VV hypoperfusion 5 . In this model, VV hypoperfusion caused tissue hypoxia and the development of an infrarenal AAA, which had morphological and pathological characteristics similar to those of a human AAA 6 . Prime examples were the presence of ILTs and the accumulation of hyperplastic adipocytes 6 , and the potential to cause rupture 7, 8 . These findings have been rarely observed in previous rodent models. Therefore, this model may greatly contribute to a deeper understanding of the mechanism responsible for AAA development and rupture. We introduce and describe a standard protocol used to induce AAAs through adventitial VV hypoperfusion, and we explain how to induce hypoxia in the aortic wall using surgical techniques.
Surgical Procedure for Creating the Model
NOTE: Place the surgical instruments into a bead sterilizer for 10 s preoperatively. Use sterile gloves intraoperatively.
1. Use male rats weighing 300 -400 g. Allow the rats access to food and water ad libitum. 2. Anesthetize the rat with isoflurane inhalation (2.0 -3.0 mL/L). Confirm proper anesthetization by toe pinch. 3. Shave hair on the abdomen with an electric razor, and scrub the abdomen with alcohol and a povidone-iodine solution. 4 . Place the rat in the supine position on the operation table. Use vet ointment on the rat's eyes to prevent dryness while under anesthesia. 5. Perform a laparotomy with a ventral midline abdominal incision using a scissors. To secure a clear surgical field, pack the abdominal contents inside the abdominal cavity with sterile gauze using a wound retractor. 6. To detach the aorta from the perivascular tissue, gently pick up and tear the retroperitoneum with tweezers to expose the aortic wall and exfoliate the infrarenal aorta in the retroperitoneal space from the level of the left renal vein to the bifurcation from the perivascular tissue ( Figure 1A ). 7. Ligate the vessels branching from the abdominal aorta with a 5-0 silk string to block blood supply at a point away from the aorta that does not narrow the aortic lumen. 8. To block aortic blood flow, place vascular clips just below the renal artery and just above the bifurcation of the aorta.
NOTE: The size of the clips should be larger than the aortic diameter to block the blood flow completely. A temporary 5-0 silk string ligature is also sufficient for blocking blood flow instead of the clips. 9. Similar to creating a dot hemorrhage on the surface of the aortic wall, cut the anterior aortic wall using a micro-scissor 5 mm distally from the aortic clip, adjacent to the renal artery branches, to insert a polyurethane catheter. 10. Insert a polyurethane catheter (outside diameter 0.55 mm, inside diameter 0.37 mm) using a 24-gauge indwelling needle shallowly through the incision to wash away blood in the aorta with water. Administer a 1-mL syringe filled with water into the polyurethane catheter, and wash away the remaining blood in the aorta with water. After irrigation, remove the catheter from the aorta. 11. Before inserting a polyurethane catheter (outside diameter 1.20 mm, inside diameter 0.94 mm) using an 18-gauge indwelling needle, cut the polyurethane catheter to 10 mm long ( Figure 1B ). 1. Insert the cut piece of the polyurethane catheter into the aortic lumen from the incision made in step 1.9. Completely place the 10-mm catheter into the aortic lumen, and reposition the midpoint of the catheter to match the location of the incision (i.e., cover the incision with the catheter).
12. Repair the incision with interrupted sutures using an 8-0 monofilament string ( Figure 1C) . 13 . Ligate the abdominal aorta using a combination of 5-0 silk string and the polyurethane catheter ( Figure 1D) . NOTE: The aortic lumen can be maintained by the indwelling catheter. Ligate the aorta firmly to prevent misaligning the catheter position. The surgeon's knot is recommended, because it adds an extra twist when tying the first throw of the knot, forming a double overhand knot, and an additional turn provides more friction and can reduce loosening. 14. After ligation, remove the vascular clip at the aortic bifurcation, and then, remove the vascular clip below the renal artery to restore the antegrade blood flow. Confirm gross aortic pulsation. 15. Close the abdominal incision in two layers, the peritoneum and other layers, with a 4-0 polypropylene suture. Tightly suture the incision to prevent a protruded organ. 16. Apply topical lidocaine on the abdominal incision. Place the rat on a heating pad until consciousness returns. Do not leave a rat unattended until it has regained sufficient consciousness to maintain sternal recumbency. Do not return a rat that has undergone operation to the company of other rats until it has fully recovered. 17. Monitor the rat closely after the operation. Inject a bolus of sterile saline (1.0 -2.0 mL) subcutaneously if a rat shows signs of distress or body weight loss. 18. Postoperatively, observe the time-course development of the enlarged aorta on an ultrasound echogram. Measure the maximum diameter from the inside edge to the outside edge of the abdominal aorta as described 5 .
Harvesting, Fixing, and Elastica-van Gieson (EVG) Staining
1. Twenty-eight days postoperatively, administer sodium pentobarbital ≥ 100 mg/kg intraperitoneally to euthanize the rats.
2. Cut open the rat's abdominal cavities ventrally. Make the initial incision using a scalpel. Harvest the aneurysm using scissors and place the harvested aortas in 10% neutrally buffered formalin for 24 -48 h. NOTE: The surgeon must be careful to prevent injury to the aorta and other organs when exposing the aneurysm. An elevated abdominal organ should be observed, indicating AAA formation. Figure 2 shows an in vivo image and ex vivo image; this representative sample of AAAs is not ruptured. 
Discussion
Under physiological conditions, the inner layers of the aortic wall are nourished by diffusion from the luminal blood flow, whereas the outer and middle layers are nourished by the VV, which penetrate from the adventitia into the medial VV 1 . VV blood flow into the abdominal aortic wall can originate from the following three directions/areas: (1) the proximal direction through the aortic wall, (2) distal direction through the aortic wall, and (3) perivascular tissues 10 . Previously, our histological analysis of human tissues identified significant stenosis or occlusion of the VV in the AAA wall, suggesting that VV blood flow into the abdominal aortic wall can be reduced 4 . It is an extremely important point in this protocol that an infrarenal AAA was caused by a combination of polyurethane catheter insertion and suture ligation of the infrarenal abdominal aorta. To carefully exfoliate the tissue layer, surgeons must smoothly insert a polyurethane catheter into the aorta and firmly ligate the aorta to cause chronic hypoxia due to hypoperfusion of the adventitial VV and aneurysm formation. Using these techniques, blood flow in the aortic wall is consequently decreased, and a local hypoxic environment is induced. The blood flow reduction and hypoxia-induced aneurysm formation indicates that VV blood flow into the abdominal aortic wall plays a role in the pathogenesis of AAA formation.
Specifically, an aortic aneurysm model must satisfy the following conditions: a 1.5-fold increase in the vascular diameter compared to baseline, degeneration of the tunica media, and inflammation of the aortic wall. The most popular animal models have been constructed by inducing inflammatory responses using substances, such as CaCl 2 11 , elastase 12 , and angiotensin II 13 . These models can have a high reproducibility and obviously cause pathological change, and they have been commonly used in research studies. In our model, we assessed the aortic diameter using ultrasonography every 7 days from before the procedure was performed until day 28 after the procedure (Figure 3) . Results showed that the aortic diameter moderately increased over the 28 days, indicating that this change in the diameter is similar to that in previous rodent models. Gross observation of the vascular form indicated a smooth fusiform shape (Figure 2) . On day 28, we sacrificed the rats and performed histopathological analysis of the aortic tissue that was recovered. Tearing and disappearance of the elastic and collagen fibers of the tunica media and adventitia were observed (Figure 4) . Moreover, inflammatory cells, such as macrophages, were present from the tunica adventitia to the tunica media.
Currently, the treatment options available for AAAs are limited to surgical repair and endovascular stent grafting, with mortality rates of 30 -50% in patients with AAA rupture 14 . However, no drug has been approved for clinical use to treat AAAs. There is debate that there are discrepancies in the pathological findings between humans and established animal models used in AAA research. Similarities in the pathogenesis between human AAA and animal AAA models are essential for the development of pharmacological treatments. Regarding the effectiveness of rodent models, our rat model is morphologically similar to humans in terms of intraluminal thrombus 5 and adipogenesis 8 . Furthermore, about 20% of the rats in this study had AAA rupture and died within 28 days after the procedure. Although aortic aneurysm rupture is the most critical event for this disease, rupture is uncommon with established experimental AAA models, and the mechanism has not yet been elucidated. Therefore, this model is useful for understanding the mechanism of dilation of the aortic diameter and rupture of the aneurysm.
The creation of this model is required for some surgical procedures. Therefore, researchers must practice creating this model, which is a limitation of this model. In the future, we would like to create a rodent model in which we can decrease blood flow by gradually thickening the VV walls, resulting in spontaneous aortic aneurysm.
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